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Smart gridSmart grids are often regarded as an important step towards the future energy system. Combined heat
and power (CHP) or cogeneration has several advantages in the context of the smart grid, which include
the efficient use of primary energy and the reduction of electrical losses through transmission. However,
the role of the gas network is often overlooked in this context. Therefore, this work presents an analysis of
the impact of a massive implementation of small scale (micro) cogeneration units on the gas demand at
distribution level. This work shows that using generic information in the simulations overestimates the
impact of CHP. Furthermore, the importance of the thermal storage tank capacity on the impact on the
gas demand is shown. Larger storage tanks lead to lower gas demand peaks and hence a lower impact
on the gas distribution network. It is also shown that the use of an economically led controller leads
to similar results compared to classical heat led control. Finally, it results that a low sell back tariff for
electricity increases the impact of cogeneration on the gas demand peak.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
A smart grid is envisaged as an important enabler towards the
future energy system. The smart grid generally refers to a reliable
electricity provision with the integration of distributed energy re-
sources (DER) and active participation of consumers [1], all guided
by active control means. However, our energy distribution infra-
structure has not been designed for large amounts of DER. In this
context, a significant amount of work has been performed in the
literature to address several possible issues related to the electrical
network. E.g., large amounts of photo voltaic systems (PV) may
lead to (local) over-voltage and consequently to the shut down of
some of the PV systems, or to curtailing of the output power [2–
4]. Furthermore, large amounts of cogeneration units may also lead
to over-voltage [5]. On the other hand, network overload is also a
possible issue at large penetration levels of heat pumps [6]. The
possible role of the gas-driven technologies like microcogeneration
and hybrid heat pumps for electric load management has also been
studied [7]. However, the role of the gas network itself is often
overlooked. In particular for the case of a high penetration levelof cogeneration, or combined heat and power (CHP), it is of interest
to analyse how the increased gas consumption affects the gas dis-
tribution network. Cogeneration, or combined heat and power
(CHP), is an interesting DER technology that produces electric
and heating power simultaneously with a high fuel utilisation
ratio1. Natural gas is an advantageous fuel for CHP units because
of the continuous availability and the reliability of natural gas. With-
out thermal storage, CHP units are usually heat-driven, as no heat
should be spilt. Adding thermal storage adds flexibility to the sys-
tem, enabling it to run (partially) decoupled from the heat demand
and such that interaction with the electricity grid becomes possible
[7]. This is particularly interesting in the context of smart grids. Fur-
thermore, thermal storage also leads to more energy savings, less
CO2–production and a longer lifetime of the unit [8]. However, the
additional gas demand of gas-fired CHP’s can have an impact on
the gas distribution network that has a limited capacity. Therefore,
it is interesting to study the impact of the massive introduction of
CHP on the gas network.
The aim of this work is to determine the impact on the gas de-
mand at distribution level of a massive implementation of microc-
ogeneration units. Previous work [9] dealt with the impact on the
gas distribution grid of cogeneration with a fixed heat to electricity
output ratio and for different sizes of the storage tank. The present
work goes more into detail with the addition of an analysis of howthermal
Nomenclature
a storage tank loss factor (–)
aE electric efficiency CHP (–)
aQ thermal efficiency CHP (–)
b storage tank loss factor (h)
Dp pressure drop in a pipeline or a network (mbar)
Dt time step of the simulations (1 h)
DTh,l temperature difference between high and low temper-
ature portion in the storage tank (K)
E˙CHP CHP electric power (kW)
_mc the mass flow of (hot) water for consumption in the
heat releasing system (kg/s)
_ms the mass flow of (hot) water supplying the storage
tank (kg/s)
_Qboiler;max boiler maximum thermal power (kW)
_QcharðtÞ thermal charging power to the storage tank (kW)
_QCHPðtÞ thermal power CHP (kW)
_Qloss;botðtÞ storage tank thermal power loss through bottom
(kW)
_Qloss;ctðtÞ storage tank thermal power losses that are indepen-
dent of the storage status Qstor (kW)
_Qloss;topðtÞ storage tank thermal power loss through top (kW)
_Qloss;wðtÞ storage tank thermal power loss through cylindrical
wall (kW)
_QlossðtÞ storage tank thermal power losses to environment
(kW)
_V flow through a pipeline (m3/s)
_Vinj injection flow in the network (m
3/s)
gboiler thermal efficiency boiler (–)
q water density (kg/m3)
s time constant of the storage tank (–)
Abot surface of storage tank bottom (m2)
Atop surface of storage tank top (m2)
Aw,h surface of storage tank wall at low temperature (m2)
Aw,l surface of storage tank wall at high temperature (m2)
Aw surface of storage tank cylindrical wall (m2)
C thermal capacity of the storage tank (kW h)
c constant that depends on the gas and pipeline proper-
ties
c⁄ constant relating the pressure drop in a given point in
the network with the injection flow in the network
cp thermal capacity of water (J/kg K)
CHP combined heat and power, or cogeneration
DER distributed energy resources
DSO distribution system operator
EC economic led control scheme for CHP
F objective function (€)
G(t) gas demand at time step t (kW h)
Gadd(t) Additional gas demand due to the presence of CHP
compared to without CHP (kW h)
Gboiler(t) gas demand boiler (kW h)
GCHP(t) gas demand CHP at time step t (kW h)
Gmaxnew highest gas demand that occurs in the gas profile with
CHP present (kW h)
Gmaxref highest gas demand that occurs in the reference pro-
file (kW h)
GC(t) gas cost (€)
HHV higher heating value (kW h/m3)
HL heat led control scheme for CHP
K ratio of electricity selling price to natural gas price (–)
Kcrit critical ratio of K beneath which producing electricity
with the CHP is never beneficial (–)
L length of a pipeline (m)
m the total mass of water in the storage tank (kg)
m(t) boiler modulation variable (h)
mh(t) the mass of hot water in the storage tank at time t (kg)
pelec,t cost of electricity at time interval t (€/kW h)
pgas cost of gas (€/kW h)
PV photovoltaics
Qboiler(t) heat production boiler during time step Dt (kW h)
QCHP(t) heat production CHP (kW h)
Qdemand,t heat demand during time step Dt (kW h)
Qloss,fix storage tank thermal energy losses independent from
Qstor during time step Dt and with constant tempera-
tures (kW h)
Qstor(t) thermal energy in storage tank (kW h)
R(t) revenues from electricity produced by the CHP (€)
RHE ratio of heat to electric output of the CHP (–)
RSC relative storage capacity of the thermal storage tank
compared to the hourly thermal energy output of the
CHP (–)
s(t) CHP on/off variable (h)
SLP synthetic load profile
t time step (h)
T0 temperature of the storage tank environment (K)
Th temperature of the hot water in the storage tank (K)
Tl temperature of the cold water in the storage tank (K)
U thermal transmittance of storage tank walls (W/m2 K)
V storage tank volume (m3)
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istic load profiles, the effect of the heat to electricity ratio, the con-
trol model of the CHP system, and the energy prices. The focus in
this work is on small scale units for application in single or multi-
family houses or small office buildings, which is usually referred to
as micro-CHP (CHP). The impact of the geographical distribution of
consumers in the gas network is out of scope for this work.
Section 2 handles the approach to deal with the research ques-
tion. Firstly, the layout of the domestic heating system is discussed,
followed by a discussion of the used assumptions and the dimen-
sioning methods for the CHP and the thermal storage tank. Next,
the mathematical model of the economically optimal control is ex-
plained. Then, a brief explanation of the used input data is given.
The section concludes with the method to assess the impact of
CHP on the gas demand. Section 3 gives the results of the simula-
tions of the gas demand at household level. Firstly, a theoretical
maximum impact on the gas demand is derived. This is followed
by the analysis on the maximum impact with realistic heatdemand profiles. Then, the effect of the storage tank size is dis-
cussed. Next, the effects of the control strategy and the economic
parameters is examined. At last, the effects of the CHP size and
the part-load operation are analysed. Section 4 provides a discus-
sion on how CHP affects the gas network itself.2. Approach
The scenario for this work is a neighbourhood of households
which are all connected to the same natural gas distribution net-
work. The aim is to analyse the effect on the gas demand of a mas-
sive implementation of all households of a (micro-) CHP system,
compared to the reference case where all heat is produced with
traditional gas-fired boilers. A simulation model for the CHP-sys-
tem will be used such that the resulting gas demand can be ob-
tained and compared to the reference gas demand. This will
allow to analyse how the gas demand changes at household level.
Fig. 1. Model of the heat production system with cogeneration.
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and the assumptions are discussed below.2.1. Heat production system model
To simulate the effect of cogeneration on the gas demand, the
domestic heat production system will be modelled as presented
in Fig. 1. The model consists of a small scale (micro) CHP that
works in on/off mode,2,3 a separate auxiliary boiler and a storage
tank. The controller determines the operation of the units such that
the heat demand is always fulfilled.
Two types of controllers will be used in this work. The first one,
the reference controller, is economically led. It determines the
most economic operation of the system. The inputs are the gas
and the electricity price, and a perfect forecast of the heat demand.
The outputs are three variables: the on/off variable of the CHP, the
modulation variable of the auxiliary boiler and the charging vari-
able of the storage tank. The mathematical model is explained in
detail in Section 2.3. The second type is the heat led controller. It
will be used to analyse the effect of the controller on the gas de-
mand. This controller turns the CHP on if the heat demand is higher
than the thermal output of the CHP. The extra heat demand is then
provided by the storage tank if possible, or with the auxiliary boi-
ler. If the heat demand is lower and the excess heat can be stored in
the storage tank, the CHP is also turned on. Else, the CHP is turned
off and the heat is provided by the storage tank. Unless explicitly
mentioned, the economically led controller will be used as it re-
flects the most economic operation of the system.2.2. Assumptions
The gas price is assumed 0.06 €/kW h. Regarding the electricity,
we assume that the selling price for electricity produced with the
CHP equals the buying price. Hence, the selling and buying tariff
for electricity is the same, unless explicitly mentioned. The elec-
tricity is worth 0.22 €/kW h by day, i.e. from 7 am to 10 pm, and
0.15 €/kW h by night. The double tariff system is common in Bel-
gium. These energy prices are based on information about the price
levels at the end of the year 2007, see [10].4 The time step that is
used in the simulations is one hour and the modelled duration of
the simulations is one year. It is also assumed that there is a perfect
forecast of the heat demand available. The forecast will be used in
the economically optimal operation of the system (see Section 2.3).2 A CHP that only operates in on/off mode is generally referred to as a non-
modulating CHP.
3 The effect of part load operation will be discussed in 3.7.
4 The load profiles are measured in 2007.We have assumed that the modulation index of the auxiliary
boiler (m(t), expressed in h) can have any value from 0% to 100%.
Normally, a value of approximately 20% is the lower limit for
gas-fired boilers. However, this is no problem as the time step of
the simulations is one hour, such that the modulation variable only
represents the hourly average modulation and not the actual mod-
ulation. The thermal efficiency of the auxiliary boiler is proposed to
be 92% based on the higher heating value (HHV) of natural gas.5
2.2.1. Cogeneration unit: assumptions and dimensioning
As stated before, we assume that the cogeneration unit is non-
modulating. The effect of this assumption will be analysed in 3.7.
Non-modulating means that the heat and electricity power outputs
( _QCHP and E˙CHP) are constant when the CHP is turned on. The ratio of
heat to electricity output (RHE) is an important characteristic of the
CHP. Units based on internal combustion engines (ICE) have a typ-
ical RHE of 2.5–3:1 while for CHP units with Stirling engines, it is
typically 3.5–8:1 [11,12]. Other types of micro-CHP exist like e.g.:
microgas turbines, fuel cells, microRankine cycles and thermo-
photovoltaic generators. For this work, we disregard the CHP type
and in the simulations we will use 4:1 as the main RHE, and 3:1 and
2.5:1 to show the effect other RHE on the results. Another important
parameter is the fuel utilisation ratio (FUR) which represents the ra-
tio between the useful power—both electric (E˙CHP) and thermal
( _QCHP)—to the primary energy flow G˙CHP. We assume this ratio
amounts to 89%, also referring to the HHV. This value is taken from
a survey of commercially available appliances [13,14]. The thermal
efficiency aQ of the CHP equals the ratio between the thermal
power and the primary energy flow _QCHP= _GCHP , and similarly the
electrical efficiency aE equals E˙CHP/G˙CHP. From FUR and RHE, aQ
and aE can be calculated. We assume that the minimum up-time
of the CHP is one hour.
We do not consider the economic viability of the CHP systems
as we focus on how the CHP systems technically affect the gas de-
mand. Therefore, in this work, we do not set a minimum of running
hours, nor do we take the investment cost into account for the
dimensioning of the unit. The dimensioning, or sizing, of the CHP
is crucial for its lifetime and energy savings [8]. It cannot be de-
signed to meet the maximum heat demand because it would be
switched on and off too frequently, recalling that we assume a
non-modulating CHP unit. Therefore, the CHP unit is sized smaller
than the maximum heat demand. The remaining heat demand can
then be covered by an auxiliary boiler. In the literature, several CHP
sizing methodologies are proposed. E.g., in [15], a linear program-
ming method is proposed that determines the optimal sizing for
the CHP and the auxiliary boiler based on the minimisation of ex-
pected annual costs. These costs include investment, operation and
maintenance costs. Other examples of CHP sizing that include the
optimisation of annual costs can be found in [16–18]. However, a
detailed method for the dimensioning of CHP which includes the
investment costs is out of scope here. Since the aim of this work
is to analyse how microCHP affects the gas network in the hypo-
thetical case of massive introduction, a simple method for the
dimensioning of the CHP units will be used which maximises the
energy production by the CHP. The method is known as the largest
rectangle method, see e.g. [8]. The method places heat demands of a
household (as average thermal power demand in an hour) in
descending order in a load-duration diagram, as depicted in
Fig. 2. Next, the rectangle with the largest area that can be
subscribed by the load-duration diagram is determined. The inter-
section of the rectangle with the vertical axis represents the opti-5 This estimated number for the thermal efficiency is based on a review of
manufacturer data of condensing boilers. Depending on the actual modulation index
and the return water temperature, the efficiency may vary. However, the incorpo-
ration of these effects would be out of scope here.
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Fig. 2. CHP sizing with the largest rectangle method under the load-duration curve.
According to this method, the CHP in this example should have a rated thermal
output of 4.2 kW and would run for an accumulated number of 2301 h per year.
Note that this method does not take into account thermal storage, and that adding
thermal storage increases the annual running hours.
6 The time t only takes discrete values.
7 It should be noted that an energy quantity is denoted without a dot, e.g. Qboiler and
is expressed in kW h, while a power quantity is denoted with a dot, e.g. _Qboiler;max and
is expressed in kW, or alternatively in kW h/h to emphasise that it concerns an
average power during a simulation time step.
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mal power of the CHP unit according to this method leads to a
maximum annual thermal energy production with the CHP. For
the dimensioning of the CHP’s, we take whatever the outcome of
the dimensioning method is for _QCHP , with a minimum of 3 kW.
Heat profiles with smaller outcomes are not equipped with CHP.
It has to be noted that the method does not regard thermal storage,
and that taking this into account would lead to different sizes of
the CHP units. For simplicity however, all units in this paper will
be sized with this method, assuming that the outcome is indicative
for a reasonable CHP size. A sensitivity analysis will be performed
to show the effect of the sizing of the CHP in Section 3.6.
2.2.2. Storage tank: assumptions and dimensioning
We assume a perfectly stratified thermal storage tank. This
means that the hotwater does notmixwith the coldwater, and that
the thermal conductivity of the water is zero. However, there are
thermal losses through the storage tank walls. The thermal trans-
mittance of the walls U is supposed to be 2 W/m2 K. More advanced
models that calculate the actual stratification in the tank have been
considered as well. However, they have been rejected due to the
unnecessary complexity. It can be shown that from an energy point
of view, the perfectly stratified model gives good results compared
to the actual stratifiedmodel [19]. Also, the perfectly stratified tank
can be described with a linear equation, which is interesting for the
simulations. Furthermore,weassume that the environment temper-
ature T0 is 15 C, the low temperature in the tank Tl is 30 C and the
high temperature in the tank Th is 70 C. The derivation of the equa-
tion that describes the storage tank status can be found in Appendix
A.
The presence of a well-sized storage tank is crucial to allow for
flexible CHP operation [8], e.g. when the heat demand is lower than
the thermal output of the CHP. In this work, the thermal energetic
capacity of the storage tank is expressed relative to the thermal en-
ergy that the CHP produces in one hour. It will be denoted as the
relative storage capacity (RSC). The thermal capacity C (kW h) is di-
rectly proportional with the volume V (m3) of the tank:
C ¼ q  V  cp  DTh;l=3:6 106 ð1Þ
where q = 1000 kg/m3 is the density of water, cp = 4180 J/(kg K) is
the thermal capacity of water andDTh,l = 40 K is the (assumed) tem-
perature difference between the high and the low temperature partof the storage tank. The conversion factor from J to kW h is 3.6  106
such that the results can be interpreted more conveniently. The RSC
can be calculated as:
RSC ¼ C
_QCHP  1 h
ð2Þ
where _QCHP is the rated thermal power of the CHP and 1 h is the
time step of one hour.
The optimal value for RSC is around 2 when a generic load pro-
file is used, as explained in [9]. If the capacity too small, the CHP-
system is not flexible and the electricity production is limited by
the heat demand, as it is assumed that no heat is dumped. On
the other hand, a large RSC does not lead to a significant increase
of running hours while the thermal losses increase. The actual opti-
mal RSCwill depend on the shape of the thermal load profile. How-
ever, for the sake of clarity, we will assume that 2 is the reference
value for this work. The impact of the storage tank capacity will
also be analysed with a small capacity (RSC = 0.2) and a large
capacity (RSC = 6) (see Section 3.3).
2.3. Mathematical description of the economically led controller
Several interesting CHP simulation models exist in the litera-
ture, e.g. linear programming (LP) [20,21], mixed integer nonlinear
programming (MINLP) [16], and fuzzy logic (FL) [22]. Advanced
models are able to find the economically optimal operation of
the unit, as well as the optimal size of the CHP and the storage tank
based on energy, maintenance and investment costs. These types
of advanced models have been considered, however this degree
of detail has been rejected due to the increased complexity and
consequently the increased computational requirements, and, the
fact that they do not directly contribute to a better understanding
of how CHP affects the gas demand. Therefore, we will use a cost
based optimisation model that only optimises the operational costs
of the CHP unit, being the gas costs and the electricity revenues. The
sizing of the CHP and the storage tank is then kept as an input
parameter to the model, and not as an optimisation result. The effect
of the sizing of the CHP will be analysed with a sensitivity analysis,
as discussed in 3.6. Because of the on/off behaviour of the CHP, the
problem type will be mixed integer programming (MIP). For conve-
nience, the MIP model will be explained in detail below.
The goal is to minimise the objective function F which equals
the gas cost GC minus the electricity revenues R generated with
the CHP, summed over all times t6:
minimise : F ¼
X
t
GCðtÞ 
X
t
RðtÞ ð3Þ
The gas cost GC(t) is the gas price per unit of gas, pgas, multiplied by
the gas consumption G(t):
GCðtÞ ¼ pgas  GðtÞ ð4Þ
The gas demand G(t) is the sum of the gas demand of the boiler and
the CHP. The boiler gas demand Gboiler(t) equals:
GboilerðtÞ ¼ QboilerðtÞgboiler
ð5Þ
where Qboiler(t) equals the modulation variable multiplied by the
maximum thermal power output of the boiler: mðtÞ  _Qboiler;max. 7
The CHP gas demand equals:
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Fig. 3. A histogram showing the distribution of the annual gas consumption of the
different profiles.
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where QCHP(t) equals the on/off variable s(t) multiplied by the rated
thermal power output of the CHP _QCHP . The electricity revenue R(t)
is the electricity price pelec,t multiplied by the CHP on/off variable
s(t) and the electric power output of the CHP _ECHP:
RðtÞ ¼ pelec;t  sðtÞ  _ECHP ð7Þ
The thermal energy demand, or heat demand, Qdemand,t is as-
sumed to be known and must be met by a combination of the boi-
ler, the CHP and the storage tank for all times t:
Qdemand;t ¼ QboilerðtÞ þ QCHPðtÞ  QcharðtÞ ð8Þ
Eq. (9) expresses the temporal energy balance in the storage tank.
The useful thermal energy content, i.e. the energy that corresponds
to the high temperature water portion compared to the low tem-
perature portion, at a time t is Qstor(t). The average thermal charging
power that has been charged to the tank during time step Dt is
_QcharðtÞ (a negative value corresponds to discharging). The factors
a, b (both < 1) and Qloss,fix can be found by rearranging the conser-
vation of energy applied to a perfectly stratified storage tank, see
Appendix A.
Qstorðt þ DtÞ ¼ a  QstorðtÞ þ b  _QcharðtÞ  Qloss;fix ð9Þ
Furthermore, the following constraints have been considered. The
storage tank status must be in between the minimum and the max-
imum value (Eq. (10)). The minimum and the maximum correspond
to resp. 10% and 90% of the capacity of the storage tank.8 The storage
tank starts at the minimum value (Eq. (11)) and the modulation
must always be between 0 and 1 (Eq. (12)).
Qstor;min 6 QstorðtÞ 6 Qstor;max ð10Þ
Qstorð1Þ ¼ Qstor;min ð11Þ
0 6 mðtÞ 6 1 ð12Þ2.4. Data
The heat production system model uses a heat demand, or load
profile, as input. To find the heat load profiles, we start from gas
demand profiles and assume they are proportional to the heat pro-
files. This can be justified in the region of Flanders, as 83% of all res-
idential gas is used for space heating. The converting factor is then
the boiler efficiency.
2.4.1. Synthetic load profile
A synthetic load profile (SLP) will be used for a general analysis.
This is a generic profile that is based on average historical, residen-
tial measurement data for gas. Such a profile is publicly available
on the website of the Flemish Regulator for Electricity and Gas
(VREG) 9. From this gas SLP, the synthetic load profile for heat is de-
rived, which will be further referred to as SLP. Because of the average
nature of the profile, it behaves very smoothly (see Fig. 4).
2.4.2. Realistic load profiles
Real gas demand profiles have been made available by the LIN-
EAR project.10 From these gas data, the corresponding heat demands
have been derived similar to the synthetic load profile. These data
have been measured on existing users of the natural gas distribution8 The sensors detecting the storage status are not placed completely on top or at
the bottom of the tank. This is represented by assuming the sensor positions at 10%
and 90%.
9 For more information, see: http://www.vreg.be/en.
10 For more information, see: www.linear-smartgrid.be/?q=en.network and have been selected to have a representative distribu-
tion for Flanders regarding the annual consumption, the house type
and the number of inhabitants. The data are subject to confidential-
ity and cannot be published in detail. However, some main charac-
teristics are given here in order to give an idea about the profiles.
It concerns 57 load profiles of which 22 are related to detached
houses, 12 to semi-detached houses, 21 to closed houses and 2 to
flats. The mean annual consumption is 21.2 MW h. Fig. 3 shows
the distribution of the annual gas consumption of the profiles. We
note that three profiles have 0 consumption, representing the house-
holds that have a gas connection but are not using it. Fig. 4 gives an
idea on the difference between the profiles. Firstly, the seasonally
average is taken per profile, then the distribution of different profiles
is given by 0%, 25%, 50%, 75% and 100% percentiles. On average, most
of the profiles seem to be relatively close to the SLP profile. However,
the profiles do not only differ from the SLP profile, they can also dif-
fer very much from day to day. It also has to be said that the individ-
ual profiles are quite roughly compared to the SLP profile. This can of
course not be seen on the seasonally averaged plots.
2.4.3. Electricity profiles
For the analysis of the impact of the sell back tariff for electric-
ity, we have also used electricity demand profiles. These measured
data correspond to the households where the gas demand profiles
have been measured. These data have also been made available by
the LINEAR project. Fig. 5 gives an idea on the difference between
the profiles by showing a distribution of the seasonal averages. It
can be seen that there is less seasonal variance compared to the
gas profiles, as the gas is generally used for heating which mainly
depends on the outside temperature.
2.5. Assessing the impact of CHP
To assess the impact of the introduction of CHP, the most
important figure from the point of view of the gas distribution net-
work is the highest peak demand that occurs, as this is the most
critical in terms of capacity of the network. In this case, we focus
on hourly peaks, as this is the simulation time step. Therefore, to
assess the impact of introducing CHP, we compare the highest
hourly peak gas demand that occurs throughout the year between
the case with CHP and the case without CHP. The case without CHP
is the reference case and is directly found from the original gas
demand data. The impact will be represented by the percentage
that the highest peak demand is higher than the reference one.
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142 J. Vandewalle, W. D’haeseleer / Energy Conversion and Management 78 (2014) 137–150A positive impact represents an increased peak due to the intro-
duction of CHP. It has to be noted that an impact with a positive va-
lue is a purely mathematical concept and is actually a negative
effect on the network, as it further limits the free capacity or even
could cause congestion in the network.11 In reality, the maximum penetration level of CHP would be lower because heat
release systems such as floor heating are not interesting to combine with CHP. The
economic viability could further limit the maximum penetration level, but an
investment analysis would be out of scope for this work.3. Results
This part discusses the results of the simulations. Firstly, a the-
oretical analysis points out what the maximum impact would be in
a generic case. Then, it is shown what the impact is when realistic
profiles are used for the heat load. The consumer averaged results
as well as the distribution of the results amongst the different con-
sumers are discussed. Next, the effect of the storage tank capacity
and the heat to electricity ratio of the CHP are analysed. This is fol-
lowed by a comparison of the results for economically led control
strategy with heat led control. Then, the effect of the economic
parameters such as the sell back electricity tariff is shown. At last,
the effect of the CHP sizing and the part load operation is analysed.3.1. Theoretical maximum impact on the peak demand
We first analyse what the maximum impact of the (massive)
introduction of CHP is on the peak gas demand, simulating only
one profile: the synthetic load profile (SLP). Part of the heat load
can be covered by the CHP. This part equals exactly _QCHP—as the
CHP’s output cannot be modulated—and the corresponding gas de-
mand is therefore _QCHP=aQ . The thereby avoided gas demand of the
auxiliary boiler is _QCHP=gboiler . Therefore, the additional gas demand
Gadd for producing an amount of thermal power of _QCHP during one
time step with the CHP instead of the boiler equals:
Gadd ¼
_QCHP
aQ

_QCHP
gboiler
 !
Dt ð13Þ
where Dt represents the time step length of 1 h. The additional gas
demand Gadd for different heat to electricity ratios is given in Table 1.
The lower RHE, the higher Gadd, as relatively more electricity is going
to be produced compared to the heat. Recall that for finding the im-
pact of the introduction of CHP, we compare the maximum hourly
gas demand in the new case Gmaxnew (with CHP) with the reference case
(Gmaxref ). Table 1 shows that, depending on the CHP type (RHE), the im-
pact ranges from 13.9% to 21.3%. These figures are based on a CHP
system without thermal storage. Running simulations with the
SLP profile and thermal storage for the 4:1 CHP shows an impact
of 14.7%, 15.0% and 16.2% for the RSC values of 0.2, 2 and 6. This
means that the impact increases slightly when thermal storage is
introduced, and that the impact increases with increasing storage
capacity. This is because larger storage tanks lead to higher thermal
losses—and consequently a higher gas demand—as the losses are
proportional to the surface of the tank. However, these results are
based on the SLP profile, the next section will show the difference
when realistic load profiles are used.
3.2. Realistic maximum impact
Now we analyse what the maximum impact is that we could
expect in a neighbourhood with different but realistic load profiles.
We therefore use the data set of realistic load profiles provided by
the LINEAR project. We first analyse the share of profiles that are
suitable to have a CHP-system. Applying the largest rectangle
method to all load profiles, we find the rated thermal power of
the CHP-units. As mentioned before, only thermal outputs higher
than 3 kW are regarded here, as smaller sizes are not realistic for
a CHP. We find that about 20% of the profiles are not suitable for
a CHP. Therefore, we regard 80% as the maximum penetration
level.11 Now the CHP sizes are fixed, we simulate all profiles, assum-
ing a RHE of 4:1 and a RSC of 2. For the other combinations of the
parameters RHE and RSC, we refer to Section 3.3.
3.2.1. Consumer averaged result
We first look at the average result, i.e. the mean of all simulated
profiles. To calculate the average, we also include the profiles that
are not suitable for CHP such that we obtain an average profile per
household in the network. The average effect of CHP is depicted in
Fig. 6 for an example winter day. The reference (Ref) case and the
case with CHP (New) are shown.
We find that the average annual gas consumption has increased
from 21.2 to 27.2 MW h. This increase by 28.3% is due to the lower
thermal efficiency of CHP systems than boilers to produce heat.
However, in return, electricity is produced. Regarding the impact
Table 1
The additional gas demand per time step Gadd and the impact on the gas demand peak in the theoretical worst case (SLP).
RHE (–) aQ (%) aE (%) Gadd (kW h) Gmaxref (kW h) G
max
new (kW h) Impact (%)
4:1 71.2 17.8 1.21 8.73 9.94 13.9
3:1 66.8 22.3 1.57 8.73 10.3 18.0
2.5:1 63.6 25.4 1.85 8.73 10.6 21.3
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Fig. 6. The average effect of CHP on the gas demand of realistic profiles: the impact
is 2.5% in this case which is considerable lower than predicted with the SLP data
(13.9%). Ref = reference profile, New = with CHP. (RHE = 4:1 and RSC = 2).
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ably lower than the maximum impact predicted in the theoretical
analysis with the SLP profile (13.9%, as shown in Table 1). The rea-
son for this is twofold: firstly, the realistic profiles individually dif-
fer substantially from the SLP profile, though the average of the
LINEAR profiles is very similar to the SLP profile. Secondly, the
presence of thermal storage leads to flattening of the gas demand
here, as opposed to the SLP profile where thermal storage slightly
increased the impact. This will be explained in detail in the analy-
sis of the individuel results (below).3.2.2. Results of the individual profiles
The consumer averaged result gives a good idea of the average
impact of CHP on the network. However, more insight can be
gained by analysing how the results differ between the individual
consumers. Table 2 shows the results per profile regarding the an-
nual gas consumption, the gas demand peak and the moment
where the peak occurs, for both the reference (Ref) and the CHP
case (New). It can be seen that the gas consumption always in-
creases—except for the profiles which are not suitable for CHP, as
expected because of the additional gas for electricity generation.
The results on the impact on the gas demand peak, on the other
hand, are less obvious. The majority of the individual impacts12 is
negative which seems contradictory as the impact of the average
profile was 2.5% (see Fig. 6). However, these results have to be re-
garded carefully. From Table 2, we see that the moments where
the individual peaks occur are almost all different, as opposed to
the peak gas demand for the average profile. The low individual im-
pacts should thus not be compared with the impact of the average
profile.12 The individual impact refers to one single profile, or household.For the explanation why the impact is much lower than pre-
dicted with the SLP profile, we observe Fig. 7 which corresponds
to profile number 25.13 Though the consumption has increased by
30.1%, the impact is 20.2%. This is because the combination of ther-
mal storage, cost optimal operations and the actual shape of the pro-
file may lead to flattening of the gas demand. As can be seen in Fig. 7,
the controller determined that the CHP could be turned onto pro-
duce electricity, and that the produced heat could be stored in the
storage tank. This happens during the two hours just before the heat
load peak, to minimise the residence time of the heat in the tank, and
thus the thermal losses. Because of the stored thermal energy, less
heat will be needed from the auxiliary boiler during the heat load
peak, leading to a lowered resulting gas demand peak. In this partic-
ular case, there is a very sharp peak in the reference case, so the flat-
tening effect is high. For profiles with a broader peak, the flattening
effect will be smaller or non-existent as is the case with the SLP pro-
file. This explains why the consumer averaged impact with the real-
istic profiles (2.5%) is lower than in the theoretical analysis with the
SLP profile (13.9%): due to the less smooth course of the real profiles,
gas demand peaks of individual profiles can easily be flattened when
thermal storage is present. This shows the importance of the realistic
profiles. Though their mean value—averaged over all profiles—is al-
most the same as the SLP profile, the outcome for the impact is very
different. Regarding the effect of the control strategy, we refer to
Section 3.4. There it will be shown that an economic led controller
is not strictly necessary for the peak flattening effect of thermal
storage.3.3. Impact of the storage tank capacity and the heat to electricity ratio
The impact of the heat to electricity ratio (RHE) is straightfor-
ward: more gas is needed when more electricity is produced, or
equivalently RHE is lower, leading to a higher impact, see Tables 1
and 3. Higher values of RHE, related to Stirling engines, would lead
to low or negative impacts when extrapolating the results. Lower
values of RHE, related to fuel cells, would lead to higher impacts.
However, it is not straightforward to extrapolate the results in this
case because the (measured) load profiles are not suited for a low
RHE, as the ratio of heat to electricity is high in Flanders.
Regarding the impact of the storage tank capacity, it is found
that a larger tank leads to a lower impact on the gas demand peak.
As indicated before, the more capacity the tank has, the more ex-
cess heat can be stored such that more electricity can be generated
during periods with low heat demand, leading to more electricity
revenues. The more excess heat is stored, the less need for addi-
tional heat production with the auxiliary boiler. The economic
optimum to produce excess heat is usually just before the heat de-
mand peak in the morning, such that it can be discharged from the
storage tank shortly after the production, minimising the residence
time and thus the thermal losses. Subsequently, this generally
leads to a lower gas demand peak. For small tanks, the opposite
holds. As small tanks cannot store much heat, more additional heat
from the auxiliary boiler will be needed during the peak load peri-
ods, increasing the impact on the gas demand. Fig. 8 shows the13 The figure does not correspond to any of the moments where the highest annual
gas demand peak occurs for the reference or the CHP case.
Table 2
The annual gas consumption and hourly peak demand per profile in the reference (REF) and the CHP case (NEW). (RHE = 4:1 and RSC = 2).
Nr. Annual gas consumption Gas demand peak Peak hour
Ref (MW h) New (MW h) Change (%) Ref (kW) New (kW) Impact (%) Ref (–) New (–)
1 36.3 46.2 27.0 37.2 37.0 0.4 2026 188
2 0.0 0.0 NaN 0.0 0.0 0.0 1 1
3 54.4 67.0 23.3 39.0 35.3 9.3 632 632
4 28.5 38.6 35.3 26.6 21.6 18.8 142 7986
5 18.6 24.9 33.8 24.8 22.7 8.4 944 8417
6 12.9 12.9 0.0 6.7 6.7 0.0 8560 8560
7 15.3 19.8 29.8 21.7 22.0 1.4 8440 8514
8 37.4 46.0 22.8 27.9 29.5 5.9 8551 8551
9 10.9 15.0 38.4 10.6 10.2 3.1 8053 64
10 6.5 6.5 0.0 8.9 8.9 0.0 8411 8411
11 39.9 50.1 25.4 51.7 54.5 5.5 7689 609
12 27.9 35.3 26.5 36.3 28.3 22.0 930 930
13 19.9 25.0 25.5 24.0 20.0 16.7 1880 1880
14 16.3 21.2 30.2 22.6 20.4 9.5 8176 8513
15 30.0 38.4 28.0 38.0 31.9 16.0 1065 8481
16 29.7 38.6 30.1 21.4 18.9 11.9 6288 1654
17 17.0 21.3 25.6 32.7 33.9 3.8 8554 8554
18 24.6 31.0 26.1 20.5 21.7 5.9 620 620
19 28.2 36.3 28.8 34.4 33.6 2.2 583 153
20 10.2 13.5 32.8 10.6 10.6 0.1 296 440
21 26.4 34.0 29.0 26.6 26.8 0.7 584 584
22 0.1 0.1 0.0 4.0 4.0 0.0 948 948
23 17.4 22.1 26.9 19.8 17.7 10.4 585 1890
24 37.6 49.9 32.8 41.2 44.1 7.0 8410 8541
25 25.6 33.3 30.1 23.6 18.8 20.2 8553 944
26 23.4 32.9 40.7 31.5 35.5 12.6 7627 7627
27 25.6 34.0 33.2 31.4 27.1 13.7 7530 1940
28 20.8 26.8 28.5 16.2 17.3 6.6 587 587
29 36.8 49.0 33.2 19.9 21.4 7.7 7234 1925
30 24.2 31.5 30.1 22.4 23.4 4.2 658 8341
31 26.1 34.8 33.3 24.6 22.8 7.2 8528 8505
32 0.0 0.0 NaN 0.0 0.0 0.0 1 1
33 28.5 38.6 35.6 35.0 28.3 19.2 3214 920
34 37.7 46.3 22.7 22.3 23.7 6.4 933 933
35 6.0 6.0 0.0 6.7 6.7 0.0 61 61
36 24.3 30.0 23.1 17.3 15.7 9.1 1905 8219
37 8.5 8.5 0.0 18.8 18.8 0.0 8527 8527
38 14.8 19.2 30.0 18.3 18.6 1.5 631 612
39 16.0 20.7 29.3 15.4 16.5 7.3 8505 8505
40 12.1 16.3 35.0 31.9 29.2 8.6 8359 8359
41 15.9 15.9 0.0 11.8 11.8 0.0 8470 8470
42 23.9 30.4 27.4 24.1 24.8 2.8 8551 8480
43 51.3 63.7 24.0 28.3 30.3 7.0 680 2482
44 26.4 34.2 29.8 42.4 35.2 17.0 512 1496
45 19.9 26.4 32.6 23.2 22.6 2.3 8698 8364
46 23.9 30.5 27.5 22.4 20.8 7.4 7669 8408
47 23.3 28.2 21.1 25.3 21.2 16.2 6308 2345
48 0.0 0.0 NaN 0.0 0.0 0.0 1 1
49 26.2 33.7 28.6 32.4 30.6 5.3 8407 920
50 31.4 40.7 29.6 24.2 26.2 8.4 8633 8633
51 14.4 18.9 31.5 13.4 14.0 4.3 1234 681
52 13.0 17.2 32.2 18.1 15.8 12.7 81 8659
53 21.6 27.2 25.8 19.5 20.9 7.2 310 310
54 19.6 28.2 43.7 27.2 21.9 19.3 606 8431
55 0.7 0.7 0.0 5.8 5.8 0.0 1475 1475
56 4.3 4.3 0.0 13.0 13.0 0.0 8746 8746
57 20.9 26.7 27.7 33.3 29.4 11.5 630 630
Average 21.2 27.2 28.3 11.7 12.0 2.5 8409 8409
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demands for simulations with an RSC of 0.2, 2 and 6 and RHE = 4:1.
It can be seen that the higher the RSC is, the lower the gas demand
peak is in the morning and the more gas is consumed in the early
morning just before the peak demand period. The results of both
the storage tank capacity (RSC) and the electricity to heat ratio
(RHE) are shown in Table 3 as the result of the average profile. It
has to be noted that there is a limit on the impact lowering effect
of increasing the RSC. Simulations with RSC values higher than 6
show that the effect on the impact is negligible. Furthermore, suchhigh RSC values generally lead to practical problems regarding ded-
icated land area and the building stability under the weight of the
tank.
3.4. Impact of the control strategy
The used model is based on the optimal operational cost. It is an
interesting modelling technique as it represents the most eco-
nomic operation of the system, and it is relatively easy to imple-
ment. However, a real life implementation of a cost optimiser
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Fig. 7. Example of a profile where adding CHP leads to smoothening of the gas
demand. Just before the heat load peak, the CHP turns onto generate electricity
revenues. The excess heat is stored in the storage tank, reducing the need for
additional gas for the auxiliary boiler during the load peak.
Table 3
The impact (%) on the gas demand of the capacity of the storage tank (RSC) that
accompanies the CHP and the heat to electricity ratio (RHE). Economically led control.
RSC
0.2 2 6
RHE
4:1 10.0 2.46 4.88
3:1 13.1 7.16 0.91
2.5:1 15.8 10.1 2.53
0 5 10 15 20
0
2
4
6
8
10
12
14
16
Time (h)
G
as
 D
em
an
d 
(k
W
h/
h)
Ref
RSC 0.2
RSC 2
RSC 6
Fig. 8. The impact on the gas demand of the capacity (RSC) of the storage tank that
accompanies the CHP. Larger storage tanks lead to lower impacts on the gas
demand peak (RHE = 4:1).
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Fig. 9. The resulting gas demand of heat led control (HL) is generally very similar to
economic led (EC). A difference can be noted during the night where heat led leads
to a higher gas demand during the first part of the night because the thermal
storage tank can be filled. Economic led optimises the costs, and thus the thermal
losses and postpones thermal storage to the period just before the heat demand
peak. The impact on the gas demand peak is generally higher for heat led (not for
this particular day depicted here) (RHE = 4:1 and RSC = 2).
14 The gas demand peak for heat led is not higher for the particular day depicted in
Fig. 9. It only serves as an example where the different behaviour during the night of
the two control types can be observed.
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well as a good forecast of the heat load. Especially for households,
the heat load is hard to forecast with high accuracy. Hence, the va-
lue of this cost optimiser model may be questionable. Therefore,
we will simulate the gas demands with a second type of control
model, being heat led. This simple, heuristical algorithm does not
use a forecast of the heat load and does no optimisation. It is rulebased and turns the CHP on or off depending on the heat demand
and the storage tank status.
Fig. 9 shows the resulting gas demand on an example day for
both the economic and the heat led controlled CHP systems.14
The outcome for both control strategies is very similar. The main dif-
ference can be found during the night. The gas demand for heat led
control is generally higher in the beginning of the night (from
10 pm) while for economically led it is higher at the end of the night
(until 6 am). The reason for this is that economically led optimises
the costs and thus the thermal losses in the storage tank, subse-
quently minimising the duration that heat is stored in the tank.
Whereas heat led control determines that there is space in the tank
at the end of the day and fills it with heat from the CHP. Fig. 10
shows the results on the impact on the gas demand peak for the dif-
ferent values of RSC and RHE for the heat led (HL) case and the eco-
nomic led (EC) case. A first observation from this figure is that
heat led operation also leads to a lowered impact when thermal stor-
age is present—just like EC—though that HL generally leads to higher
impacts on the gas demand. The difference between the two control
strategies is largest for the reference size of storage tank (RSC = 2).
For small capacities of the tank, there is not much thermal flexibility
that could lead to a different behaviour of the control systems. For
very high storage capacities, there is so much thermal flexibility that
the CHP can be turned on almost all day (and night) during winter,
and therefore the operation of the CHP will also be very similar for
both control cases. However, these sizes for the storage tanks are
unrealistically high. For the reference RSC, the higher impact (3–
4%) for HL is explained with the help of Fig. 9. As explained before,
the heat led stores all possible heat during the first part of the night
to increase the CHP operation. Consequently, there is generally less
flexibility left in the morning to turn the CHP on just before the heat
load peak, as opposed to EC where the buffer is generally more opti-
mally filled which leads to a lower need for heat from the auxiliary
boiler during the heat peak. The higher impact of HL could of course
be countered partially by improving the heat led algorithm. It can be
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Fig. 11. The impact on the gas demand of the sell back tariff. In this case, the sell
back tariff is 0.05 €/kW h lower than the buying price for electricity, and leads to a
3.3% increased impact on the gas demand peak (RHE = 2.5:1).
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Fig. 10. A comparison of the impact on the gas demand of economic led (EC) and
heat led (HL) control strategy of the CHP system.
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than for HL in the case of large RSC. However, we do not consider this
as a significant difference.
3.5. Impact of the economic parameters
3.5.1. Energy prices
So far, we have assumed that there was no particular sell back
tariff for the electricity produced with the CHP. In many countries,
however, the sell back tariff for CHP differs from the selling price of
electricity. To analyse the effect of this, a simulation has been per-
formed with a sell back tariff such that the price for selling electric-
ity to the grid is 0.05 €/kW h lower than the buying price.
Consequently, the selling price during the day is 0.17 €/kW h and
0.10 €/kW h during the night. Domestic electric load profiles have
been used such that the economically led controller can find the
optimal operation of the system with this differentiated sell back
tariff.
The results show that a lower selling tariff (compared to the
buying price) slightly increases the gas demand peak. The explana-
tion is that it is less economically interesting to produce electricity
with the CHP that is not used locally. As the highest local electricity
demand is generally during the day, producing electricity during
the night becomes less interesting. Therefore, less excess heat is
stored during the night and consequently, more gas is needed for
the auxiliary boiler during the heat load peak in the morning,
resulting in a slightly higher peak. This is illustrated in Fig. 11
where the resulting gas demand is depicted with and without a
distinguished sell back tariff (here for a RHE of 2.5:1). In this case,
the lowered sell back tariff further increases the impact by 3.3%.
A more detailed analysis of the effect of the energy prices on the
operation of economically led CHP can be found in [23,24] but
there the influence on the gas demand is not considered. If we de-
fine the ratio of the electricity selling price to the buying price of
natural gas as K, then there is a critical ratio Kcrit beneath which
the operation of CHP is never beneficial. Disregarding thermal stor-
age, the CHP can be turned on for ratios higher or equal to Kcrit.
However, with thermal storage, the ratio should be higher than
Kcrit, as there are thermal losses and thus more costs. The critical
ratio Kcrit can be derived as: (1  aQ/gboiler)/aE. Now, it can be found
that the critical ratio is 1.68, 1.55 and 1.50, or equivalently the crit-
ical selling price for electricity equals 0.101 €/kW h, 0.093 €/kW h
and 0.09 €/kW h for an RHE of respectively 4:1, 3:1 and 2.5:1. Thevalues for the critical selling price are in the range of the selling
price in the night time (0.10 €/kW h), which explains the lower
CHP operation by night, and subsequently the higher gas demand
peak. For a more detailed analysis of the effect of the energy prices,
e.g. also for a sell back tariff higher than the buying price, we refer
to [24].
3.5.2. Start-up and maintenance costs
Start-up costs have not been included in the model. To justify
this, a simulation for RHE = 4:1 and RSC = 2 has been performed
with a 0.02 € cost per start-up. The results have shown that there
is a small change in the impact: from 2.46% to 2.93%. The explana-
tion for this is that taking into account the start-up cost, the critical
selling price for electricity is still well below the electricity price,
and thus there is no change in operation for CHP units which oper-
ate in a mode where all heat goes directly to the heat releasing sys-
tem. The CHP systems where the operation could change is those
that are operating in the storage tank charging mode, which are
only a few during the general gas demand peak moment. We con-
clude that the effect of the start-up cost on the gas demand peak is
small enough to omit this cost from the model.
Maintenance costs have been included in the model neither.
They can be generally assumed around 0.005–0.02 €/kW he, see
e.g. [15,25]. To check the effect of the maintenance costs, a simula-
tion has been done with a maintenance cost of 0.02 €/kW he for the
CHP engine and 0.005 euro/kW hth for the auxiliary boiler. The im-
pact has changed from 2.46% to 2.61% which is small enough to
justify the model without maintenance costs. Again, this is because
even with the inclusion of the maintenance cost, the critical selling
price for electricity is still well below the electricity price.
However, it has to be noted that when the sell back price for
electricity is lower than the buying price, the operation of the
CHP units will be more likely to change because of maintenance
and start-up costs because the difference between the critical sell-
ing price and the actual selling price would be smaller.
3.6. Effect of the sizing of the cogeneration unit
The dimensioning of the CHP units has been performed with the
largest rectangle method, which does not take into account ther-
mal storage, nor the effect of the investment cost. Thermal storage
increases the flexibility and therefore allows larger CHP units.
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unit decreases with the size [26,25], which may also lead to a lar-
ger CHP unit. Therefore, we run the simulations for larger sizes:
+10% and +20% of the reference size. The results regarding the im-
pact on the gas demand peak can be observed in Fig. 12. Firstly, the
solid lines show what the expected impact is in the theoretical case
for RHE = 4:1 and 3:1 (see Section 3.1). The impact and the change
in CHP size have a linear relationship in this theoretical case. Sec-
ondly, the results for the simulations are given with the dashed
lines. The general trend is similar to the theoretical predictions,
though the results are not on a straight line. This is because of
the non-linear relationship between the CHP size and the impact
when a thermal storage tank is present.
3.7. Effect of part-load operation of the cogeneration unit
The effect of part-load operation, or modulation, was analysed
by adapting the model such that E˙CHP and _QCHP can vary between
the minimum (30%) and maximummodulation index. Data regard-
ing the part-load efficiencies are taken from [14] for a commer-
cially available device. The results show that there is a 2% lower
impact. This is explained by the increased ability to store thermal
energy during the pre-peak period as the modulation index is now
variable and can be matched to the status of the storage tank, as
opposed to the non-modulating CHP which would be turned off
in the case of an almost full storage tank. As the storage tank will
be better filled during the pre-peak period, less extra heat from the
auxiliary boiler will be needed in the peak period, explaining the
slightly lower impact. However, this result has to be regarded with
caution. The time resolution of the simulations is 1 h. In reality, the
updating frequency of the controller would be higher and this
would also lead to the ability to store more heat to the storage tank
with a non-modulating CHP. Therefore, we cannot conclude that
part-load operation of the CHP does has a relevant effect on the
gas demand peak.
4. Discussion
Simulations have shown how CHP can affect the gas demand at
household level at what the most important parameters are.
Now it will be discussed what the impact of CHP is from the
view point of the gas distribution network itself. Though a case
study with a gas network model is out of scope for this work, a dis-0 5 10 15 20
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Fig. 12. The impact for CHP units with a 10% and 20% larger size.cussion of the main behaviour of a gas network, combined with the
results from the simulations will also lead to insights. For this dis-
cussion, we assume there is a gas network with an injection pres-
sure of 100 mbar and a minimum pressure of 23 mbar, which is
common practice in Belgium. This injected flow comes from a
medium pressure network through a pressure regulating valve.
The injection pressure can be regarded as independent of the in-
jected flow in the network. Each household is separated from the
network by a pressure regulating valve set at 23 mbar to ensure
a good and safe functioning of gas-driven devices. Hence, the pres-
sure in the network should always be higher than 23 mbar. There-
fore, the main possible issue that could arise from the increased
gas consumption in the scenario of high CHP penetration is the in-
creased pressure drop in the gas network; the pressure should
never be lower than 23 mbar. Depending on the reference load le-
vel of the network, the extra load due to CHP may lead to pressures
too low to provide certain households with gas. This is the main
possible issue that could arise from the CHP introduction. As op-
posed to the electrical network, where not only the voltage drop
would be an issue but also the transformer that suffers from in-
creased ageing at higher loads, the gas supply is only a pressure
regulating valve and is not negatively affected by higher load
peaks.
It will be discussed now how the results from the simulations
can be used to estimate how the pressure drops in a low pressure
network. The pressure drop in one piece of smooth low pressure
pipeline can be expressed as:
Dp ¼ cL _Vn ð14Þ
where c is a constant that depends on the properties of the gas, the
pipeline diameter and the flow regime, L is the length and _V is the
flow through that pipe. The power n is 1 for laminar flow and 1.75
for turbulent flow when the Reynolds number is smaller than 105.
For more information on gas network calculations and on the deri-
vation of this formula, see e.g. [27] or [28]. A smooth pipeline means
that zero roughness can be assumed, and this is justified for PE
pipelines which are commonly used now for low pressure, or distri-
bution gas networks. It has to be noted that this is a steady-state
equation, which is justified because of the low pressure in the net-
work. A real network is an interconnection of multiple pipelines
with hundreds or even thousands of households connected to it.
To find the actual pressures and flows, Eq. (14) for every piece of
tubing together with the conservation of mass equations for every
junction point should be solved simultaneously. For an example
of solving a gas distribution network, see e.g. [29]. However, instead
of solving this set of equations for every load case, a simplified and
approximate relationship between the pressure drop in e certain
point of the network and the injection point can be used. This can
be found by solving the network equations once and by using the
results to fit the coefficient c⁄ in the following equation:
Dp ¼ c _Vninj ð15Þ
where c⁄ is specific for one point in the network and _Vinj is the flow
through the injection point of the network. Because the flow regime
can be regarded as incompressible for low pressure networks [27],
the injection flow of the network and the main gas demand of the
households behave linearly. Therefore, the averaged results from
the households’ gas demand simulations can be used to estimate
the pressure drop in the network.15 Because of the mainly turbulent
regime in the network, the power n = 1.75 applies. That means that
the effect of CHP on the gas demand usually leads to a higher than
proportional effect on the pressure drop. If the mean impact on15 Then, the coefficient c⁄ should be properly adapted such that it relates the
pressure drop with the average household gas demand instead of the injection flow.
148 J. Vandewalle, W. D’haeseleer / Energy Conversion and Management 78 (2014) 137–150the gas demand is e.g. 10%, the impact on the pressure drop would
be roughly 18%.
The implementation of CHP can cause problems if the network
is nearly congested. Nearly congested is when the minimum pres-
sure that occurs throughout the year in a certain point in the net-
work is close to the minimal pressure of 23 mbar. This is directly
related to the highest peak in gas demand that occurs in the net-
work. The most critical households to check the pressure are the
ones furthest from the injection point in the network, as the pres-
sure drop is proportional to the length of the pipeline. However,
the DSO is cautious and usually places extra or larger pipelines
when the pressure drops below 50 mbar in a certain point in the
network such that there is always a sufficient margin. Hence, real
technical problems are not likely to occur, even with a massive
implementation of CHP, but it may trigger or accelerate new
investments in a gas network.5. Conclusions
Cogeneration is an interesting technology in the context of the
smart grid as it is a local, dispatchable source of electricity. It can
be gas-driven and as such reinforces the interaction between the
gas and the electricity network. However, the role of natural gas
in the smart grid is often disregarded. Therefore, this work analyses
the impact of a massive penetration of small scale cogeneration on
the gas demand at distribution level.
To tackle the problem, the gas demand of a neighbourhood of
households is simulated. It is assumed that every household con-
verts its classical heating system (a gas-fired boiler) with a cogen-
eration unit consisting of a gas-fired cogeneration engine, an
auxiliary gas-fired boiler and a thermal energy storage tank. Com-
paring the gas demand peaks before and after the conversion yields
the impact of the massive implementation of cogeneration.
First, the effect on the gas demand of cogeneration is studied
with one generic heat profile, and afterwards with a number of
different and realistic heat demand profiles, simulating the
diversity in the neighbourhood. It is found that using the generic
heat demand profile only, the resulting impact of cogeneration
on the gas demand is overestimated by roughly 10%. Hence,
using a variety of realistic heat demand profiles gives a more
accurate result. This is because the realistic profiles have larger
variations with sharper peaks, which are more sensitive to the
peak flattening effect of the thermal storage that accompanies
the cogeneration system.
Following, we show the importance of a well-sized thermal
storage tank. A tank that is sized too small leads to a higher impact
on the gas demand peak, and to lower electricity revenues because
the cogeneration unit has less flexibility.
Furthermore, we analyse the effect of the control scheme of
the cogeneration unit. Two control schemes are used: the classi-
cal heat led and a more advanced economically optimal control
system. The economically optimal control is used as a reference,
as it gives the economically optimal operation of the system.
However, it relies on a perfect forecast of the heat load and
needs optimisation. On the other hand, the classical heat led
control is very simple and does not need a forecast of the heat
demand. Therefore, the latter is also implemented and is instruc-
tive to compare the results with the economically optimal con-
trol. We find that both control systems give similar results,
though heat led control leads to a slightly higher impact (+3%)
because of the non-optimised heat production with the cogene-
ration unit. From this, it can be concluded that the economically
optimal control can be used to find representative figures on the
impact of cogeneration on the gas demand.The analysis of the effect of energy prices shows that a low sell
back tariff for electricity can lead to an increased impact of cogen-
eration on the gas demand peak from the moment that the selling
price drops too close to a certain, critical value. The critical value
depends on the characteristics of the cogeneration system and is
typically around 1.6 times the natural gas price.
The general conclusion is that it is not likely that problems
would occur when cogeneration is introduced at large scale in
the gas network, even at a massive penetration level. As the distri-
bution system operator takes care there is always a sufficient
capacity margin of the network, the introduction of cogeneration
should at most accelerate new investments in the network.
Further research could include the effect of the geographical
distribution of consumers in the natural gas network, and should
therefore also include a natural gas distribution model. Also, in this
work, we used an average mix of consumers. It could be interesting
to see the effects of other mixes of consumes.Acknowledgements
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Appendix A. An energy model for perfectly stratified thermal
storage tanks
Here, the thermal storage tank model is derived. We aim at a
linear model such that it can easily be used in optimisation prob-
lems for energy system simulations.
A.1. Assumptions
We assume the tank is perfectly stratified. This implies that
there is no mixing of hot and cold water, and that the thermal con-
ductivity of water, k, is zero. The line that separates the hot and
cold water is a perfect thermocline. The water inside the tank
can only be at high or at low temperature. Adding (charging) or
extracting (discharging) thermal energy from the tank leads to a
vertical movement of the thermocline. Hence, the status of the
storage tank is described by one single variable, being the position
of the thermocline. Furthermore, it is assumed that the tank top is
always at high temperature Th and the tank bottom at low temper-
ature Tl.
This situation is represented in Fig. A.13. Hot water is supplied
at the top with a mass flow _ms. Because of the conservation of
mass, regarding the water in the heat production system, the out-
flow of cold water equals _ms. At the consumptions side, hot water
is provided to the heat release system with a mass flow of _mc . Sim-
ilarly, the inflow of cold water then equals _mc .
The status of the storage tank is determined by the position of
the thermocline, or equivalently by the thermal energy stored in
the tank. The stored energy at a certain instant t is Qstor(t) and is de-
fined as the thermal energy of the water volume at high tempera-
ture, with the low temperature as reference. This situation is
depicted in Fig. A.14. The charging power is _QcharðtÞ and refering
to Fig. A.13, it equals ð _msðtÞ  _mcðtÞÞcpðTh  TlÞ. When the charging
power is positive, the thermocline moves downwards. The total
capacity of the tank is Qmax.
A.2. Derivation of the model
The status of the storage tank at a given instant t is expressed as
Qstor(t), which is the useful thermal energy in the storage tank. As
only the high temperature portion of the tank is useful, the energy
contents is defined as:
Fig. A.13. Storage tank model for perfect stratification.
Fig. A.14. Simplified storage tank model.
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where mh is the mass of water at temperature Th in the tank, cp is
the thermal capacity of water and DTh,l is the temperature differ-
ence between the high and the low temperature water portion in
the tank.
We start from the differential expression for thermal power bal-
ance in the tank, which states that the change in stored (useful) en-
ergy in the tank equals the thermal power _QcharðtÞ charged to the
tank minus the losses through the tank walls _QlossðtÞ:QstorðtÞ
dt
¼ _QcharðtÞ  _QlossðtÞ ðA:2Þ
Note that the charging power can be negative, i.e. when thermal en-
ergy is discharged from the tank.
Now, we derive the expression for the thermal losses through
the tank walls. As we assume that there is always some hot water
in the tank, the losses through the tank top surface Atop are:
_Qloss;topðtÞ ¼ UAtopðTh  T0Þ ðA:3Þ
where U is the thermal transmittance of the tank walls. Similar for
the tank bottom surface Abot, but at low temperature, the losses are:
_Qloss;botðtÞ ¼ UAbotðTl  T0Þ ðA:4Þ
The losses through the cylindrical surface consists of two parts: one
part at high temperature and the other at low temperature:
_Qloss;wðtÞ ¼ UAw;hðtÞðTh  T0Þ þ UAw;lðtÞðTl  T0Þ ðA:5Þ
where Aw,h and Aw,l are the cylindrical surfaces of the wall at respec-
tively high and low temperature. Both terms can be reformed:
Aw;hðtÞ ¼ QstorðtÞC Aw ðA:6Þ
Aw;lðtÞ ¼ 1 QstorðtÞC
 
Aw ðA:7Þ
where Aw is the total cylindrical wall surface of the tank and C is the
total (useful) thermal capacity of the tank. Applying Eqs. (A.6) and
(A.7) in (A.5), and adding together all thermal losses (Eqs. A.3, A.4
and A.5), rearranging the terms, noting that Atop equals Abot and
replacing C by m cpDTh,l, with m the total water mass in the tank,
leads to:
_QlossðtÞ ¼ UAwmcp QstorðtÞ þ UAwDTl;0 þ UAtopðDTh;0 þ DTl;0Þ ðA:8Þ
Additionally, in the following, we will use the following simplifying
notation for the constant losses, i.e. the losses that do not depend on
the storage tank status:
_Qloss;ctðtÞ ¼ UAwDTl;0 þ UAtðDTh;0 þ DTl;0Þ ðA:9Þ
So far, all temperatures may vary with time, such that _Qloss;ctðtÞ is a
function of time.
Combining Eqs. A.2, A.8 and A.9 yields an ordinary linear first
order differential equation:
QstorðtÞ
dt
þ UAw
mcp
QstorðtÞ ¼ _QcharðtÞ  _Qloss;ctðtÞ ðA:10Þ
Noting that m cp/U Aw is the time constant s, and assuming that
QcharðtÞ ¼ 0 and Qloss;ctðtÞ ¼ 0, or in other words, that both _QcharðtÞ
and _Qloss;ctðtÞ are constant, the solution to the differential equation
is:
QstorðtÞ ¼ Qstorð0Þet=s þ s 1 et=s
 
_Qchar  _Qloss;ct
 
ðA:11Þ
where Qstor(0) is the starting condition of the tank.
It has to be noted that from this idealised model, it follows that
thermal losses do not change the temperature in the tank, but they
change the position of the thermocline in the tank.
A.3. Use with discrete time steps
Generally, both _QcharðtÞ and _Qloss;ctðtÞ vary in time. However, if
we simulate a thermal system, we usually discretise time. As an
approximation, we can assume that both QcharðtÞ ¼ 0 and
Qloss;ctðtÞ ¼ 0 during every time step separately. The model can then
be used in a discrete manner:
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þ s 1 eDt=s  _Qchar½t  _Qloss;ct ½t  ðA:12Þ
where we use the square brackets to emphasise the discrete time. It
can be noted that for small time steps Dt compared to s, the term
s(1  eDt/s) approximates toDt. This can be found with a two-term
Taylor expansion of the exponential term. The expression used in
the paper (see Section 2.3) can be found by simplifying the notation
to:
Qstor½t þ Dt ¼ aQstor½t þ b _Qchar½t  Qloss;fix ðA:13Þ
where a equals eDt/s, b is s(1  eDt/s) and Qloss,fix is b _Qloss;ct ½twhen
the temperatures T0, Tl, Th are assumed constant.
A.4. Example
We assume that the thermal transmittance of the tank walls U
is 2 W/m2 K. Furthermore, we assume that the environment tem-
perature T0 is 15 C, the low temperature in the tank Tl is 30 C
and the high temperature in the tank Th is 70 C. The volume of
the tank is 300 L and the height to width ratio is 3. The time step
Dt is 3600 s. For convenience, we will use the units of kW, h and
kW h here. From the parameters above, we can calculate that the
time constant s is 73 h and the total capacity C is 13.9 kW h. The
thermal losses _Qloss;ct that are independent of the storage tank sta-
tus are 0.099 kW. The factor eDt/s equals 0.9864 and the factor
s(1  eDt/s) is 3575 s which is 0.9932 times Dt. The storage tank
status equation can be written as (expressed in kW h):
Qstor½t þ Dt ¼ 0:9864Qstor½t þ 0:9932 _Qchar  0:09871 ðA:14ÞReferences
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